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Membrane orderGlucosylceramide (GlcCer), a relevant intermediate in the pathways of glycosphingolipid metabolism, plays key
roles in the regulation of cell physiology. Themolecularmechanisms bywhichGlcCer regulates cellular processes
are unknown, but might involve changes inmembrane biophysical properties and formation of lipid domains. In
the present study, ﬂuorescence spectroscopy, confocal microscopy and surface pressure–area (π–A) measure-
ments were used to characterize the effect of GlcCer on the biophysical properties of model membranes. We
show that C16:0-GlcCer has a high tendency to segregate into highly ordered gel domains and to increase the
order of the ﬂuid phase. Monolayer studies support the aggregation propensity of C16:0-GlcCer. π–A isotherms
of single C16:0-GlcCer indicate that bilayer domains, or crystal-like structures, coexist within monolayer
domains at the air–water interface. Mixtures with POPC exhibit partial miscibility with expansion of the mean
molecular areas relative to the additive behavior of the components. Moreover, C16:0-GlcCer promotes mor-
phological alterations in lipid vesicles leading to formation of ﬂexible tubule-like structures that protrude from
the ﬂuid region of the bilayer. These results support the hypothesis that alterations in membrane biophysical
properties induced by GlcCer might be involved in its mechanism of action.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Glycosphingolipids (GSLs) are ubiquitous components of eukaryotic
cell membranes. GSLs are synthesized by sequential addition of sac-
charides to the hydroxyl group at the C-1 position of the ceramide
(Cer) backbone [1–4]. GSLs are mainly located in the extracellular
leaﬂet of the plasma membrane, where they are involved in several
functions such as cell-to-cell interaction and recognition [1,5,6].
Glucosylceramide (GlcCer), one of the simplest GSLs, is widely dis-
tributed in mammalian tissues. GlcCer is formed at the cytosolic leaﬂet
of Golgi apparatus by glycosylation of Cer by GlcCer synthase (GCS) [7].sphingosine; C24:0-Cer, N-
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l rights reserved.After its synthesis, GlcCer is transported to the luminal side of the Golgi
apparatus where is converted into more complex GSLs, or transported
by FAPP2 (4-phosphate adaptor protein-2) [8] to the cytoplasmic leaﬂet
of the plasma membrane (PM) or of the endoplasmic reticulum (ER)
[9–11]. In the PM, GlcCer may remain on the cytoplasmic leaﬂet or
translocate to the cell surface [12].
GlcCer is an important intracellular messenger that plays key roles
in cell maintenance and regulation [13–17]. However, the molecular
mechanisms by which GlcCer regulates cellular processes are un-
known. GSLs are thought to be involved in the formation of lipid
rafts which, because of their speciﬁc biophysical properties, can act
as signaling platforms [5,6]. In the last decade, much effort has been
made to understand the biophysical properties of lipid rafts [18–21];
however, little attention has been given to GlcCer. GlcCer has a high
main transition temperature (Tm) and a complex thermotropic phase
behavior, with multiple transitions between different stable and meta-
stable phases [22]. Due to their high Tm and extensive hydrogen-bond
network, GSLswith small uncharged headgroups are expected to segre-
gate from low Tm phospholipids and form tightly packed domains
[23–27], with a higher packing density than sphingomyelin with a
similar backbone [28–30]. These observations suggest that GlcCer
might promote similar changes to those induced by Cer in the biophys-
ical properties of ﬂuid membranes [31–33]. Previous studies from our
group have showed that Cer has a complex phase behavior promoting
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are dependent both on Cer content and membrane lipid composition,
particularly on cholesterol (Chol) content [34–36].
In the present study, ﬂuorescence spectroscopy, confocal microsco-
py and surface pressure - area (π–A) measurements were used to char-
acterize lipid lateral distribution, ability to segregate into tightly-packed
domains and membrane morphological alterations induced by C16:0-
GlcCer in ﬂuid model membranes. Our results show that C16:0-GlcCer
has a high tendency to segregate into highly ordered gel domains and
to increase the order of the ﬂuid phase, although to a lower extent
than the corresponding Cer (C16:0-Cer). Thermodynamic analysis of
POPC/C16:0-GlcCer mixed monolayers indicates (partial) miscibility
with positive deviations from the ideal behavior. Moreover, C16:0-
GlcCer promotes morphological alterations in lipid vesicles leading
to the formation of ﬂexible tubule-like structures that protrude from
the ﬂuid membrane.
2. Materials and methods
2.1. Materials
POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine), GlcCer
(D-glucosyl-ß-1,1' N-palmitoyl-D-erythro-sphingosine), Rho-DOPE
(N-rhodamine-dipalmitoylphosphatidylethanolamine) and DOPE-biotin
(1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(biotinyl)) were
from Avanti Polar Lipids (Alabaster, AL). DPH (1,6-diphenyl-
1,3,5-hexatriene), t-PnA (trans-parinaric acid), Laurdan (6-dodecanoyl-
2-dimethylaminonaphthalene) and NBD-DPPE (1,2-dipalmitoyl-sn-
glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxa-diazol-4yl))
were from Molecular Probes (Leiden, The Netherlands). All organic
solvents were UVASOL grade from Merck (Darmstadt, Germany).
The concentration of the lipid and of the probes stock solutions
were determined as previously described [33].
2.2. Fluorescence spectroscopy
To evaluate the effect of GlcCer on membrane biophysical proper-
ties, multilamellar vesicles (MLV) (total lipid concentration of
0.1 mM) were prepared as previously described [33]. The suspension
mediumwas 10 mM sodium phosphate, 150 mM NaCl, 0.1 mM EDTA
(pH 7.4). Fluorescence anisotropy of t-PnA, DPH and Rho-DOPE, and
Laurdan emission spectra (at a probe/lipid ratio of 1/500, 1/200, 1/500
and 1/400, respectively) were measured in a SLM Aminco 8100 series
2 spectroﬂuorimeter with double excitation and emission monochro-
mators, MC400 (Rochester, NY). All measurements were performed in
0.5 cm × 0.5 cm quartz cuvettes. The excitation (λexc)/emission (λem)
wavelengths were 320/405 nm for t-PnA; 358/430 nm for DPH; 350/
435 nm for Laurdan; 570/593 for Rho-DOPE. Constant temperature
was maintained using a Julabo F25 circulating water bath controlled
with 0.1 °C precision directly inside the cuvette with a type-K thermo-
couple (Electrical Electronic Corp., Taipei, Taiwan). For measurements
performed at different temperatures, the heating rate was always
below 0.2 °C/min. The ﬂuorescence anisotropy br> was calculated
from [37]:
b r>¼ Ivv−GIvh
Ivv þ 2GIvh
ð1Þ
where the different intensities (Iii) are the steady state vertical and
horizontal components of the ﬂuorescence emission with the excitation
vertical (Ivv and Ivh) andhorizontal (Ihv and Ihh) for the emission axis. The
latter pair of components is used to calculate the G factor (G=Ihv/Ihv).
An appropriate blankwas subtracted from each intensity reading before
calculation of the anisotropy value.Laurdan GP (generalized polarization) was determined using [38]:
GP ¼ I440−I490
I440 þ I490
ð2Þ
where I440 and I490 are the emission intensities at 440 and 490 nm re-
spectively, reporting themaximum emission in the gel and in the liquid
crystalline phase, respectively [38,39]. Theoretically this parameter
varies from +1 to −1, however, experimentally ranges from 0.7 to
−0.3 both for pure lipids or mixtures [38].
Time-resolved ﬂuorescence measurements with t-PnA were
performed using λexc=305 nm (using a secondary laser of Rhoda-
mine 6G) and λem=405 nm. The experimental decays were analyzed
using TRFA software (Scientiﬁc Software Technologies Center, Minsk,
Belarus).
2.3. Confocal ﬂuorescence microscopy
Giant unilamellar vesicles (GUVs) containing the appropriate lipids,
DOPE-biotin (at a biotinylated/non-biotinylated lipid ratio of 1:106),
(Rho-DOPE and NBD-DPPE) (at a probe/lipid ratio of 1:500 and 1:200,
respectively). These were prepared by electroformation, as previously
described [32,40,41]. The GUVs were then transferred to 8 well Ibidi®
μ-slides that had been previously coated with avidin (at 0.1 mg/ml)
to improve GUV adhesion to the plate [42]. Confocal ﬂuorescence mi-
croscopy was performed using a Leica TCS SP5 (Leica Mycrosystems
CMS GmbH, Mannheim, Germany) inverted microscope (DMI6000)
with a 63×water (1.2 numerical aperture) apochromatic objective.
NBD-DPPE and Rho-DOPE excitation was performed using the 458 nm
and 514 nm lines from an Ar+ laser, respectively. The emission was
collected at 480-530 nm and 530-650 nm, for NBD-DPPE and Rho-
DOPE, respectively. Confocal sections of thickness below 0.5 μm were
obtained using a galvanometric motor stage. Three-dimensional (3D)
projections were obtained using Leica Application Suite-Advanced
Fluorescence software.
2.4. Lipid monolayers and surface pressure–area measurements
Surface pressure–area (π–A) isotherm measurements were carried
out on a KSV 5000 Langmuir–Blodgett system (KSV Instruments,
Helsinki) installed in a laminar ﬂow hood. Procedures for π–Ameasure-
ments and cleaning care were described elsewhere [43]. Monolayers
were spread drop-wise as chloroform solutions using a microsyringe,
on the subphase of a buffer solution. Unless speciﬁed, the concen-
tration of spreading solution was 0.5 mM. The temperature of the
subphase was controlled by water circulation from a thermostat within
an error of ±0.1 °C. The barrier speed of symmetric compression
was 10 mm min−1 (3.3 Å2 molecule−1 min−1). π–A isotherms were
measured at least three times from fresh spreading solutions to conﬁrm
reproducibility.
The isothermal two-dimensional compressibility modulus, or
elastic modulus, is calculated from the π–A isotherms as Cs−1=
−A(∂A/∂π)τ.
The Gibbs energy of mixing, ΔGmix, is taken from:
ΔGmix πð Þ ¼ ΔGideal þ GE πð Þ; ð3Þ
Where ΔGideal is the Gibbs energy of ideal mixing at low surface pres-
sure (π→0)
ΔGideal ¼ RT X1lnX1 þ X2lnX2ð Þ; ð4Þ
and GE(π) is the excess Gibbs energy of mixing:
GE πð Þ ¼ ∫AE πð Þdπ; ð5Þ
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AE πð Þ ¼ A12– X1A1 þ X2A2ð Þ½ ; ð6Þ
And A12 is the MMA (Mean Molecular Area) of the mixed monolayer,
X1 and X2 are the mole fraction of components 1 and 2, respectively,
and A1 and A2 are the corresponding molecular areas in the single
component monolayer at the surface pressure π.
3. Results
3.1. Biophysical properties of POPC/GlcCer mixtures
The effect of C16:0-GlcCer on the properties of the ﬂuid POPC mem-
brane was assessed by following the variation of the photophysical
parameters of different probes as a function of C16:0-GlcCer molar frac-
tion (Fig. 1). An increase in C16:0-GlcCer molar fraction leads to an
increase in t-PnA ﬂuorescence anisotropy reaching values typical of the
gel phase [36], showing that C16:0-GlcCer is able to drive the formation
of gel domains (Fig. 1A). This is further supported by the increase in the
lifetime of the long component of t-PnA ﬂuorescence intensity decayFig. 1. Biophysical behavior of POPC/C16:0-GlcCer mixtures. t-PnA (A) ﬂuorescence anisotropy
Fluorescence anisotropy of (C) DPH and (D) Rho-DOPE in binary POPC/C16:0-GlcCer mixtures.
experiments.(Fig. 1B). A long lifetime component >30 ns, as observed for C16:0-
GlcCer >20%, is characteristic of gel domains [35]. It should be stressed
that for very high C16:0-GlcCer content (>90%), t-PnA ﬂuorescence an-
isotropy decrease, and in addition the error associatedwith themeasure-
ments is high. This might be associatedwith the formation of crystal-like
phases that exclude t-PnA to the aqueous environment, as previously
reported for C16:0-Cer [33]. Studies performed by Saxena et al. [22]
andDicko et al. [44] also support the existence of GlcCer crystals. Howev-
er, the decrease in t-PnA ﬂuorescence anisotropy is not as sharp as ob-
served in POPC/C16:0-Cer mixtures, which suggests that crystal-like
structures (that exclude t-PnA)might coexist with lipid bilayers (that in-
corporate t-PnA). The characterization of crystal-like structures is be-
yond the scope of the present study, and therefore full characterization
of the effect of C16:0-GlcCer in model membranes was only performed
for mixtures containing ≤90%GlcCer. Moreover, the presence of crystal
structures would imply that the lipid mixture is not under a fully hydra-
tion regime and therefore, the contribution of water had to be taken into
account. Under these conditions, the system would have to be treated
has a ternary mixture, where the water concentration would be the
third component. Nevertheless, the GlcCer mixtures investigated under
the present study encompasses the range of GlcCer at the cell level,and (B) long lifetime component of the intensity decay in binary POPC/GlcCer mixtures.
All measurements were performed 24 °C. Values aremeans± SD of at least 3 independent
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To further characterize the nature of the gel domains, the ﬂuores-
cence anisotropy of DPH was determined. Increase in C16:0-GlcCer
molar fraction leads to a slight increase in DPH ﬂuorescence anisotropy
(Fig. 1C), demonstrating that C16:0-GlcCer forms highly-ordered gel do-
mains similar to Cer-domains, which exclude DPH [33,45]. Because DPH
is excluded from these gel domains, the slight increase in its ﬂuorescence
anisotropy induced by C16:0-GlcCer is due to an increase in the order of
the coexistent ﬂuid phase. It should be stressed that DPH anisotropy in-
creases in pure GlcCer, suggesting that DPH is not totally excluded from
GlcCer membranes, in contrast to the observed for Cer [33,45]. This ob-
servation further supports the hypothesis of coexisting crystal-like struc-
tures and lipid bilayers for mixtures containing very high GlcCer molar
fractions. The highly-ordered nature of the C16:0-GlcCer gel domains
was further conﬁrmed by Laurdan GP (Fig. S1B). Laurdan GP is often
used to distinguish between ordered and disordered phases [46]. High
GP values are typically obtained in gel phases and low GP values in
ﬂuid phases. In POPC/C16:0-GlcCer mixtures, GP values increase only
moderately with C16:0-GlcCer concentration (Fig. S1B) showing that
this probe is also partially excluded from these gel domains.
Rho-DOPE displays different behavior: ﬁrst, this probe is excluded
from ordered (gel and liquid ordered) phases and reports mainly alter-
ations in the ﬂuid (disordered) phase [36]; second, Rho-DOPE displays
energy homotransfer, which is strongly dependent on the distance
between the chromophores. When the molecules are close, energy
homotransfer occurs, leading to a decrease in Rho-DOPE ﬂuorescence
anisotropy [37]. This behavior allows the detection of the formation of
ordered phases (Fig. 1D), since the increase in C16:0-GlcCer content
leads to an increase in the fraction of ordered phase and a consequent
decrease in the fraction of the ﬂuid phase available for Rho-DOPE distri-
bution. This implies a higher probe surface concentration, with a con-
comitant decrease of its anisotropy, due to a higher FRET efﬁciency
(Fig. 1D).
3.2. Thermotropic characterization of POPC/GlcCer mixtures
The variation of t-PnA ﬂuorescence anisotropy as a function of tem-
perature was used to characterize the thermotropic behavior of POPC/Fig. 2. Thermotropic behavior of POPC/C16:0-GlcCer mixtures. Steady-state ﬂuorescence an
POPC containing (□) 10, (△) 20, (▲) 30, (○) 40 and (●) 50 mol% of C16:0-GlcCer; (B) POPC-con
3 independent experiments. (C) POPC/C16:0-GlcCer partial binary phase diagram. The full line
boundary. The dashed lines are the best estimates based on thermodynamic rules and the photo
ﬂuid phase, G- gel phase.C16:0-GlcCer mixtures (Fig. 2). t-PnA is a ﬂuorescent polyene fatty
acid probe that has high ﬂuorescence sensitivity to lipid local density
[47] and a high preference to lipid environments with gel-like proper-
ties [47], presenting a partition coefﬁcient of Kp(g/f)=5±2 [47,48].
This makes t-PnA a suitable probe to detect the formation of even
small clusters of gel-phase domains [49] and to determine the gel-to-
ﬂuid transition temperature [32]. Our results show that mixtures
containing 10% C16:0-GlcCer display a thermotropic behavior similar
to POPC. It should be stressed that POPC is ﬂuid in the temperature
range of this study (Tm=–2.9±1.3 °C [50]) and therefore the observed
decrease in anisotropy is only due to a gradual increase of the mem-
brane ﬂuidity with temperature and not associated to a phase transi-
tion. However, increasing C16:0-GlcCer content to >20% induces
signiﬁcant changes in the ﬂuid POPC (Fig. 2A). At low temperatures
(up to 24 °C), t-PnA anisotropy is higher than in POPC, and in addition
an inﬂection is observed in the curve likely due to the presence of
C16:0-GlcCer-enriched gel domains. Slightly increasing the tempera-
ture leads to an abrupt decrease in t-PnA anisotropy to values similar
to those obtained in pure POPC, reﬂecting a transition from the gel
to the ﬂuid phase which ends at ~34 °C. A further increase in the
C16:0-GlcCer molar fraction (up to 70%) leads to a shift in the gel-to-
ﬂuid transition temperature of the mixtures towards higher values
(Fig. 2B). From these data it is possible to determine the temperature
at which the melting of gel domains is completed. This corresponds to
the midpoint of intersection of the lines describing the initial (gel), in-
termediate and ﬁnal (ﬂuid) regimes. Knowing the width of the transi-
tion of the pure lipids [22], it is then possible to determine the main
transition temperature for eachof themixtures [51], which corresponds
to the liquidus boundary in the binary POPC/C16:0-GlcCer phase dia-
gram (Fig. 2C). The partial phase diagram shows that C16:0-GlcCer is
poorly miscible in the ﬂuid POPC, presenting gel-ﬂuid phase separation
at low C16:0-GlcCer content (~10%).
3.3. GlcCer gel domains and membrane morphology
Confocal ﬂuorescence microscopy was used to characterize the
size and morphology of the C16:0-GlcCer gel domains and the mor-
phological alterations induced by this GSL. The homogeneous labeling
of vesicles containing 10% C16:0-GlcCer (Fig. 3B) shows that for thisisotropy of t-PnA as a function of temperature in MLVs composed of: (A) (■) POPC and
taining (■) 50, (△) 60 and (○) 70mol% of C16:0-GlcCer. Values aremeans±SDof at least
was experimental determined from data in Fig. 2A and B, and corresponds to the liquidus
physical parameters of t-PnA (see text for further details). Abbreviations correspond to: F-
Fig. 3. Confocal ﬂuorescence microscopy of POPC/C16:0-GlcCer mixtures. 3D projection images from 0.4 μm confocal slices of GUVs labeled with Rho-DOPE. The GUVs contain
(A) POPC and POPC with (B) 10%, (C) 30% and (D) 40% of C16:0-GlcCer. Flexible tubule-like structures (white arrow) were observed in mixtures containing C16:0-GlcCer
≥30 mol%. Scale bar, 5 μm.
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tion of microscopy are formed, in agreement with the spectroscopy
data (Fig. 1). GUVs containing 30% of C16:0-GlcCer display clear gel
(dark areas)-ﬂuid (bright areas) phase separation (Fig. 3C–D). The
majority of the domains display a polygonal shape, suggesting
a lower line tension between gel and ﬂuid phases, as compared to
the typical ﬂower-like shapes observed in this case of phase coexis-
tence [40,52]. The total exclusion of both Rho-DOPE and NBD-DPPE
(Fig. S2) from the gel domains further conﬁrm their highly-ordered
nature.
In addition to gel domains, alterations in membrane morphology
were also observed for GUVs containing ≥30% C16:0-GlcCer: tubule-
like structures protrude from ﬂuid areas of the vesicles (Fig. 3C and
S2). These structures are highly ﬂexible, thin and dynamic.3.4. GlcCer-POPC molecular interactions in lipid monolayers
Surface pressure-area measurements were performed to evaluate
the molecular interactions between C16:0-GlcCer and POPC in mixed
monolayers (Fig. 4). Information about the packing density of the
monolayers can be obtained from the determination of the compress-
ibility modulus (Cs−1): the higher the value for Cs−1 the lower the inter-
facial elasticity and the higher the molecular density. Furthermore, Cs−1
provides a simple approach to determine the onset and completion sur-
face pressures of possible transitions [30,53].
At room temperature, POPC displays a behavior expected for a sta-
ble monolayer of the ‘expanded type’, with a limiting molecular area
of ~60 Å2 and a Cs−1 b100 mN/m at the collapse pressure of 42 mN
m−1 (Fig. 4A–B), in agreement with reported data using a similar
experimental set up [54,55]. It is worth to mention that changing
the spreading solvent and/or the subphase leads to signiﬁcant alter-
ations in the π–A isotherm of POPC, as previously reported [56]
(Fig. S3A). In contrast, C16:0-GlcCer forms an insoluble monolayer
of the ‘condensed type’: the π–A isotherm of C16:0-GlcCer appears
in the range of lower molecular areas 42–32 Å2, from π≈0 until the
collapse at 60 mN m−1 and displays 250 mN/mbCs−1b1000 mN/mat
high surface pressures. Similarly to POPC, changes in the spreading sol-
vent leads to signiﬁcant alterations in the π–A isotherm of C16:0-GlcCer
(Fig. S3A).
The shape of π–A isotherms of mixed monolayers changes regularly
with the composition and the lift-off area at π≈0 decreases stepwise
with increasing content of C16:0-GlcCer, except for C16:0-GlcCer =
10% that appears at slightly larger mean molecular areas (MMA) than
the pure POPC (Fig. 4A). Mixed monolayers containing C16:0-GlcCer
≥30% display phase separation as shown by the two collapses: a ﬁrst
one occurring at larger MMA, which corresponds to the collapse of
the POPC enriched phase, and a second collapse corresponding to a
C16:0-GlcCer enriched phase. The maximum compressibility modulus
of mixed monolayers also increases gradually with C16:0-GlcCermolar fraction (Fig. 4B), but drops dramatically when the monolayer
collapse pressure is reached. For C16:0-GlcCer b50%, the monolayers
are in the expanded type in the whole range of surface pressures
(Fig. 4B and S3B). For C16:0-GlcCer ≥50%, there is a gradual tran-
sition from a state of nearly constant compressibility in the range
of values of liquid-expanded monolayers (Cs−1b100 mN/m) at
low surface pressures (πb10 mN/m) to a liquid condensed phase
(100 mN/mbCs−1b250 mN/m) at higher surface pressures below
the ﬁrst collapse (30 mN/mbπb42 mN/m).
The variation of the MMA with C16:0-GlcCer content (Fig. 4D)
exhibits a positive deviation from the additive behavior of compo-
nents, suggesting partial miscibility with expansion of the MMA.
This is further conﬁrmed by the negative Gibbs energy of mixing,
ΔGmix (Fig. 4C). As expected, the deviations from the ideal behavior
increase with the surface pressure.
The results obtained in POPC/C16:0-GlcCer mixed monolayers are
consistent with data from ﬂuorescence spectroscopy and microscopy,
showing that C16:0-GlcCer is only partially miscible in POPC and is
able to increase membrane packing density.4. Discussion
4.1. Properties of GlcCer
The mechanisms by which C16:0-GlcCer changes the biophysical
properties of ﬂuid membranes are of importance for understanding
how GlcCer is involved in intracellular processes, in physiological
and pathological states. In physiological conditions the levels of
GlcCerare low compared to the total membrane lipids [57,58]. How-
ever, in pathological states, like in Gaucher disease, GlcCer levels
signiﬁcantly increase in cells, tissues and plasma [59–61].
Fully hydrated GlcCer, similarly to Cer [33,62] and GalCer [22], has
a complex thermotropic phase behavior and a high main transition
temperature (~87 °C) [22]. In the present study, it was not possible
to characterize pure C16:0-GlcCer by ﬂuorescence spectroscopy
methodologies. This is because GlcCer, like ceramides and GalCer,
also has a strong tendency to form crystal-like structures [22,31,44].
The highly-compact crystal structure leads to the exclusion of the ﬂuo-
rescent probes, which is revealed by the decrease in t-PnA ﬂuorescence
anisotropy (and lifetime) at very high C16:0-GlcCer molar fractions.
It should be stressed that we have previously shown that t-PnA displays
a similar photophysical behavior in mixtures containing high Cer molar
fractions, which was associated with crystal formation as observed by
transmission electron microscopy [31]. In the present study, further
evidence for crystal formation arose from monolayer studies. The area
occupied per C16:0-GlcCer molecule at the collapse surface pressure
(~30 Å2) is smaller than the expected one based on the molecular
structure of C16:0-GlcCer [63]. The estimated area for two closely
packed alkyl chains perpendicular to the interface is ~36 Å2. These
Fig. 4. POPC/C16:0-GlcCermixedmonolayers. (A) π–A isotherms of (–∙–) POPC, (—) C16:0-GlcCer and POPCwith(---) 10%, (—) 30%, (∙∙∙) 50% and (---) 70% of C16:0-GlcCer. (B) Isothermal
compressionalmodulus as a function of surface pressure in (—) GlcCer and POPCwith (—) 30%, (∙∙∙) 50% and (---) 70% of C16:0-GlcCer. (C) Gibbs energy ofmixing and (D)Meanmolecular
area as a function of the GlcCer mole fraction at (○) 5 mN/m, (▲) 20 mN/m and (△) 40 mN/m. (●) ideal Gibbs energy of mixing. Values were determined according to Eq. (3).
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most likely crystals coexisting with the 2D monolayer structure at the
air-water interface.
4.2. Effect of GlcCeron membrane biophysical properties
C16:0-GlcCer has a marked effect on the biophysical properties
of ﬂuid POPC membranes. From our data, it is possible to conclude
that C16:0-GlcCer is able to drive gel-ﬂuid phase separation, to form
highly ordered gel domains, and to increase the order of the POPC
ﬂuid phase. Together, this suggests that C16:0-GlcCer induces similar
changes in membrane properties to those reported for saturated
ceramides [33,45]. However, this conclusion is not straightforward
because higher GlcCer content is required to induce gel-ﬂuid phase
separation. Comparison between the liquidus boundaries of the
phase diagrams reveals that ~10% and ~24% of GlcCer are required
to form gel phase at 24 °C and 37 °C, respectively compared to
~4% and ~10% for saturated ceramides [33,45]. This shows that
GlcCer displays higher miscibility in the ﬂuid phase as compared to
saturated ceramides. The difference in the effects of C16:0-Cer and
C16:0-GlcCer on membrane biophysical properties allows concluding
that the introduction of a glucose moiety in the Cer headgroup creates
a packing constraint that prevents GlcCer segregation into gel do-
mains at a lower GSL molar fraction. This effect is comparable to the
introduction of a double bond in Cer [32]. Indeed, the results obtained
for POPC/C16:0-GlcCer mixtures display some similarities to thoseobtained with POPC/C24:1-Cer mixtures. For instance, as shown in
Fig. 2C, the initial part of the liquidus phase boundary is very similar,
demonstrating that the same molar fractions of C16:0-GlcCer
and C24:1-Cer are required to drive gel-ﬂuid phase separation [32].
Furthermore, the variation of t-PnA ﬂuorescence anisotropy and
lifetime in POPC/C16:0-GlcCer mixtures is comparable to POPC/
C24:1-Cer [32], further demonstrating that GlcCer and C24:1-Cer
induce similar global alterations in the biophysical properties of
ﬂuid membranes.
It was previously demonstrated that GlcCer and GalCer with the
same acyl chain structure have similar thermotropic behaviors [22].
Additionally, our results show that the liquidus boundary of POPC/
C16:0-GlcCer mixtures is similar to the one reported for C16:0
GalCer/SOPC (1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine) bi-
nary system [64]. This suggests that the overall impact of GalCer
and GlcCer on the biophysical properties of simple models of ﬂuid
membranes is identical. Certainly, the differences in the headgroup
structure of these two lipids will promote subtle changes in lipid
organization andmembrane properties, that are likely to be enhanced
in more complex mixtures, as observed in membranes containing
Chol [25].
Regarding the surface-pressure studies, the ﬁrst collapse of POPC/
C16:0-GlcCer mixed monolayers (~42 mNm−1) is not affected by the
composition, further indicating lipid phase separation. The thermody-
namic analysis of mixed monolayers at πb42 mN m−1, shows
non-ideal mixing behavior with positive deviations. The molecular
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molecular area. A similar behavior was reported for Cer/GlcCer mix-
tures [63]. The increase of the molecular distances was ascribed to
the increase of dipolar repulsion induced by the molecular dipole
hyperpolarization that occurred in the Cer/GlcCer mixed ﬁlms.
Confocal ﬂuorescence microscopy further conﬁrmed the ability of
C16:0-GlcCer to form micron-sized highly-ordered gel domains. Inter-
estingly, these domains did not present the typical ﬂower shape struc-
ture characteristic of gel domains [32], but an irregular polygonal- or
bean-like structure. Lipid domain shape and size is controlled by several
factors including line tension, dipole density and the entropy of dis-
tributing molecules between domains [65]. The increase in line tension
commonly drives the formation of larger domains with irregular
shapes; hydrophobic mismatch at the boundaries of the domains also
contributes to an irregular domain shape. This is the case of a typical
boundary between a thicker gel phase and a thinner ﬂuid phase. How-
ever, some lipids can act as line-active components to minimize the
line tension at the boundaries of the domains. POPC is a typical example
of a line-active lipid, presenting a saturated chain that preferential
interacts with the gel domain boundary and an unsaturated chain that
has a preference towards the more disordered ﬂuid phase [66–68].
Such an interaction stabilizes the interface by reducing the line tension
and creating smoother boundaries, such as those observed in this work.
The exclusion of the Rho-DOPE probe from gel phases, as well as
the phase diagram depicted in Fig. 2C, are further supported from
the variation of anisotropy due to homo-FRET described in Fig. 1D.
Application of Snyder and Freire's model [69] of homo-FRET to our
experimental anisotropy values, allows estimation of the expected
decrease in the area for Rho-DOPE distribution based on its depolari-
zation. The available area is not the total membrane surface, and the
reduction should correspond to the area involved in the formation
of gel phase domains. Fig. 5 shows the expected surface area decrease
for Rho-DOPE distribution for each POPC/C16:0-GlcCer mixture that
accounts for the experimental depolarization. The values obtained
are in agreement with the theoretical values based on the phase
diagram, and calculated taking into account the fraction of gel phase
of each of the mixtures, and the respective area per molecule of
POPC and GlcCer (66.4 Å2 [54] and 40 Å2 [63]). In these calculations,
the composition of the ﬂuid was taken from the liquidus line of the
phase diagram (Fig. 2C) and for the gel composition it was assumed
that the solidus boundary is located at ~90% C16:0-GlcCer at 24 °C,Fig. 5. Variation in the ﬂuid surface area available for Rho-DOPE distribution. (○) Values
were calculated according to the Snyder and Freire model [69]. This model considers a
random distribution of the ﬂuorophores. For the calculations the following parameters
were used: Förster radius, R0=57.7 Å [83]; [Rho-DOPE]=0.2 μM; areas per molecule of
40 Å2 [63] and 66.4 Å2 [54] were used for C16:0-GlcCer and POPC, respectively; and the
numerical constants, α, were taken from [69] for an R0/L=4, where L is the distance
of closest approach between ﬂuorophores; (●) values were calculated from the phase
diagram (Fig. 2C) taking into account the fraction of gel phase of each of the mixtures
and the respective area per molecule of POPC and C16:0-GlcCer (see text for details).since this is the composition at which exclusion of t-PnA from the
membranes starts to occur. There is an excellent agreement for the
lower molar fractions of gel phase, which correspond to the lower
probe surface densities, and the small deviation at higher FRET efﬁ-
ciencies is inherent to the model used. In fact Snyder and Freire [69]
assume that the probes are distributed in a plane, but also consider
that the transition moments are isotropically oriented. This is not
veriﬁed in membranes, since probes are both restricted in their orien-
tations and dynamics, i.e., only allowed to wobble within a cone, and
this implies a smaller efﬁciency for transfer, which is here translated
into an higher area. Nevertheless, the good agreement between the
theoretical and experimental values further support the proposed
phase diagram, particularly the solidus boundary that could not be
experimentally determined.
It should be stressed that the diagram displayed in Fig. 2C is only a
partial binary phase diagram for these mixtures and does not exclude
the possibility that other phases might be present, including non-
lamellar phases [70] that could not be assessed by the methodologies
employed in the present study. These, however, are likely to form at
higher temperatures, far from physiological conditions [22]. Previous
studies also suggest that GSL can form stoichiometric complexes with
phospholipids with properties intermediate between gel and ordered
phase resembling, to a certain extent, a liquid-ordered raft like structure
[12,71].Whilewedonot rule out their existence, with our experimental
approach it is not possible to conclude about their formation. Neverthe-
less, our study clearly shows that GlcCermixes only partially in the ﬂuid
phospholipid segregating into a highly-ordered GlcCer-enriched gel
phase. The characteristics of this phase can however change in the pres-
ence of other lipids, as previously observed for mixtures containing Cer
and Chol. Indeed, taking into account the similarity between the phases
formed by GlcCer and Cer, one might hypothesized that increasingly
amounts of Chol will hindered the formation of a highly-ordered
GlcCer-enriched gel phase by increasing the solubility of this GSL in
the Chol-enriched liquid-ordered phase [34].
4.3. GlcCer promotes morphological alterations
Increased C16:0-GlcCer concentration also promotes major changes
in GUVs, including the formation of ﬂexible-like tubular structures
(Fig. 3 and S2). The formation of such tubulesmight occur spontaneous-
ly in response to an increase inmembrane tension upon gel domain for-
mation. In addition, it is known that lipid phase separation might drive
changes in membrane curvature that affect not only the lateral organi-
zation of lipids, but also the transbilayer distributions of lipid mixtures
[72]. This asymmetric lipid distribution will enhance the differences in
the spontaneous membrane curvature promoted by each of the lipids,
which might ﬁnally lead to the protrusion of tubule-like structures to
prevent further membrane deformation and to restore membrane
tension. Chiral lipids, such as GlcCer and GalCer, also have a higher
tendency to drive tubule formation due to the intrinsic bending force
arising from chirality [73]. It was also shown that the formation of
tubule-like structures might arise from transbilayer chain interdigita-
tion. However, this mechanism is likely to be more important in
membranes containing lipids with asymmetric chains, as C24:0- and
C24:1-Cer [32], where the acyl chain is much longer than the sphingoid
base, or in membranes composed of lipids with strong chain mismatch
[31]. Since none of these situations occurs in the mixtures under study,
it is unlikely that interdigitation governs tubule formation in POPC/
C16:0-GlcCermixtures. Another possible mechanism underlying tubule
formation is the presence of a tilted phase. X-ray studies have shown
that GSL forms tilted phases in order to accommodate the sugar moiety
and to account for the extensive H-bond network [74]. In addition, for-
mation of a macro-rippled phase by GalCer has been reported [75]. It
was hypothesized that the presence of a tilted phase, together with
the inherent chirality of GalCer and the increased lipid misalignment,
is responsible for surface defects from where GalCer tubules would
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POPC/C16:0-GlcCer membranes.
From our microscopy studies, it is not possible to draw clear
conclusions about the nature of the tubules formed by POPC/
C16:0-GlcCer mixtures [77]. Mutz et al. have shown that C24:1-GlcCer
forms rigid needle-like structures that project away from the glycolipid
mass. These structures are different from the highly ﬂexible structures
observed in the present study. This could be due to the different
acyl chain structure of the GlcCer species. For instance, it was shown
that GalCer is able to form different tubule-like structures, depending
on its structure and environment [78,79], including ribbons, lipid
tubules and cochleate cylinders. Analysis of the structural features
that control GalCer nanotube formation revealed that longer
monounsatured Gal Cer has a higher tendency to form stable nanotubes,
while shorter-chain GalCer (C18) formed a variety of structures [76].
5. Conclusions and biological implications
Biological membranes are complex structures where interactions
among the different membrane components are responsible for cell
function. However, to understand these interactions, it is necessary
to use simpliﬁed models, where the effect of a particular component
can be evaluated. In the present study, it was possible to assess the
mode by which C16:0-GlcCer changes the biophysical properties
of ﬂuid membranes. Our results show that C16:0-GlcCer promotes
extensive alterations in the membrane, driving the formation of
highly-ordered gel domains. Formation of such domains might have
strong implications on cell processes, including in the sorting of lipids
and proteins into or out of the domains, and consequent activation
of signaling cascades. Moreover, it has been shown that GSLs at the
cell surface are active participants in cell-to-cell communication and
recognition [80–82]. These processes might be facilitated by the
formation of ﬂexible structures that protrude from the membrane,
such as those observed in this simple mixtures. Whether the forma-
tion of C16:0-GlcCer domains and/or tubule-like structures is en-
hanced or inhibited in biological membranes is unknown, but will
certainly depend on the interactions with the other membrane com-
ponents and might even constitute a mechanism by which the cell
turn on and off speciﬁc processes. These evidences may provide
new insights into the molecular mechanisms by which the accumula-
tion of GlcCer leads to alterations in cellular processes under patho-
logical states, such as observed in Gaucher disease.
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